Many fish encounter hypoxia in their native environment, but the role of mitochondrial physiology in hypoxia acclimation and hypoxia tolerance is poorly understood. We investigated the effects of hypoxia acclimation on mitochondrial respiration, O2 kinetics, emission of reactive oxygen species (ROS), and antioxidant capacity in the estuarine killifish (Fundulus heteroclitus).
INTRODUCTION
sucrose, 50 KCl, 25 KH2PO4, 10 hepes, 0.5 EGTA, 1.5% mass:volume fatty-acid free bovine serum albumin; pH 7.4 when measured at 20°C). The tissue was gently homogenized on ice with six passes of a loose-fitting Potter-Elvehjem homogenizer at 30 r.p.m. Homogenate was centrifuged at 600g for 10 min at 4°C. The supernatant was filtered twice through glass wool and was centrifuged at 6000g for 10 min at 4°C (the same conditions for all future centrifugation).
The pellet was washed with isolation buffer to remove all excess fat and was gently re-suspended in 10 ml of fresh isolation buffer. The suspension was centrifuged again, washed in storage buffer (same as isolation buffer, but without bovine serum albumin and with 2 mmol l -1 each of pyruvate and malate), and gently re-suspended in 10 ml of storage buffer. The suspension was centrifuged one final time, and the resulting pellet was re-suspended in 500 µl of storage buffer.
This mitochondrial suspension was assayed for protein content using the Bradford assay (following instructions from the supplier), and was stored on ice until respirometry experiments were completed. The remaining mitochondria were stored at -80°C for later use in antioxidant enzyme assays.
Mitochondrial physiology
The physiology of isolated mitochondria (0.4 mg of mitochondrial protein) was assessed using high-resolution respirometry and fluorometry (Oxygraph-2k with O2k-Fluorescence module, Oroboros Instruments, Innsbruck, Austria) in 2 ml of respiration buffer (in mmol l -1 : 110 sucrose, 60 K-lactobionate, 20 taurine, 20 hepes, 10 KH2PO4, 3 MgCl2·H2O, 0.5 EGTA, 1.5%
BSA; pH 7.4 at 20°C) at 20°C. Two separate experiments were conducted that used different substrate additions and/or fluorophores. Results are expressed per mg mitochondrial protein (where applicable). DatLab 2 software (Oroboros Instruments) was used to fit respiration data from the transitions into anoxia to the equation Jmax × PO2 / (P50 + PO2), where Jmax is maximal respiration (uninhibited by hypoxia) and P50 is the PO2 (O2 tension) at which respiration is half of Jmax. Delay in response time, internal zero drift, and background O2 flux of the O2 sensor were accounted for as previously described (Gnaiger et al., 1995; Gnaiger and Lassnig, 2010) .
In experiment 1, reactive oxygen species (ROS) emission from mitochondria was measured in parallel with mitochondrial respiration (sample sizes for each treatment group were as follows: normoxia, n=8; intermittent hypoxia, n=10; constant hypoxia, n=8) (Fig. 1A ).
Superoxide dismutase (SOD at 22.5 U ml -1 ) was added to the chamber to catalyze the reaction of Journal of Experimental Biology • Advance article the superoxide produced by mitochondria to hydrogen peroxide, and horseradish peroxidase (3 U ml -1 ) was added to catalyze the reaction of hydrogen peroxide with Ampliflu Red (15 µmol l -1 ) to produce the fluorescent product resorufin (detected using an excitation wavelength of 525 nm and AmR filter set; Oroboros Instruments). The resorufin signal was calibrated with additions of exogenous hydrogen peroxide. Leak state respiration (without ATP) using complex I substrates was first stimulated with malate (2 mmol l -1 ) and pyruvate (2 mmol l -1 ). P/O ratios were determined twice by the conventional method (Gnaiger et al. 2000) by adding 125 μmol l -1 ADP.
After the depletion of ADP and re-establishment of leak state respiration (with ATP), saturating ADP (0.6-0.9 mmol l -1 ) was added to stimulate maximal pyruvate oxidation ('state 3'). The capacities for oxidative phosphorylation (oxphos) via complex I and complexes I+II were then determined by adding 10 mmol l -1 glutamate and 10 mmol l -1 succinate, respectively. Oxphos state respiration via complexes I+II was maintained until all O2 was consumed (to determine mitochondrial P50), and anoxia was maintained for 10 min. Oxygen tension was then raised, mitochondria were allowed to consume all ADP to reach leak state respiration (with ATP; 'state 4') via complexes I+II, and all O2 was again consumed (to determine mitochondrial P50) and anoxia was maintained for 10 min. Oxygen tension was raised, and ADP (1.25 mM), ascorbate (2 mM), and TMPD (N,N,N',N"-tetramethyl-p-phenylenediamine; 0.5 mM) were added to determine oxphos capacity via complex IV.
In experiment 2, a mitochondrial uncoupler (CCCP, carbonyl cyanide m-chloro phenyl hydrazone) was used to determine the capacities for electron transport by the mitochondrial complexes (sample sizes for each treatment group were as follows: normoxia, n=7; intermittent hypoxia, n=10; constant hypoxia, n=8). Malate (2 mmol l -1 ), pyruvate (2 mmol l -1 ), glutamate (10 mmol l -1 ), and ADP (1.25 mmol l -1 ) were first added to stimulate maximal oxphos respiration via complex I. Addition of cytochrome c (10 µmol l -1 ) was then used to assess mitochondrial integrity, which never increased respiration by more than 10% (mean increase ± s.d., 3.3% ± 4.3%). CCCP was then slowly titrated to 0.5 µmol l -1 to uncouple the mitochondria and determine the capacity of complex I for electron transport. Succinate (10 mmol l -1 ) was then added to determine the capacity of complex I+II for electron transport, followed by the addition of rotenone (0.5 µmol l -1 ) to inhibit complex I and determine the capacity of complex II for electron transport. Finally, ascorbate (2 mM) and TMPD (N,N,N',N"-tetramethyl-pJournal of Experimental Biology • Advance article phenylenediamine; 0.5 mM) were added to determine the capacity of complex IV for electron transport. 
Antioxidant enzyme activities and protein carbonyls
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RESULTS
Fish were acclimated to normoxia (O2 tension, PO2, in the water ~20 kPa), constant (sustained) hypoxia (5 kPa), or nocturnal hypoxia ('intermittent hypoxia': 12 h at 5 kPa in dark phase, 12 h at ~20 kPa in light phase) for 28-33 days. There were no differences in body mass between treatment groups acclimated to normoxia (3.10 ± 0.18 g; n=58), constant hypoxia (3.35 ± 0.14 g; n=65), or intermittent hypoxia (3.20 ± 0.15 g; n=61) (F[2,181]=0.621, p=0.539). We used substrate-uncoupler-inhibitor titration and fluorometry protocols to examine the effects of hypoxia acclimation on the function of mitochondria isolated from the liver. Mitochondrial respiration measurements were used to determine oxidative phosphorylation (oxphos) capacities (using substrates of multiple complexes of the electron transport system), phosphorylation efficiency, and oxygen kinetics, concurrent with measurements of ROS emission (using Ampliflu Red) ( Fig. 1 ). Electron transport capacities were also determined by measuring respiration in uncoupled mitochondria using substrates of multiple complexes.
Mitochondrial respiration
Respiration of liver mitochondria was largely unaltered by acclimating killifish to hypoxia ( The sensitivity of liver mitochondria to low PO2 was also unaltered by acclimating killifish to hypoxia (Fig. 3 ). Oxygen kinetics of isolated mitochondria were assessed during both Journal of Experimental Biology • Advance article
DISCUSSION
Fish are among the most hypoxia-tolerant vertebrate species, yet very little is known about the plasticity of mitochondrial function in fish in response to hypoxia acclimation. Our current findings in the hypoxia-tolerant killifish show that hypoxia acclimation -either constant hypoxia or diel cycles of intermittent hypoxia -has relatively little effect on mitochondrial respiratory capacities or O2 kinetics, but that mitochondria from this species are more resilient to bouts of anoxia-reoxygenation than are those from hypoxia-intolerant species. However, hypoxia acclimation causes a pronounced decrease in the rate of ROS emission from liver mitochondria, and increases the activities of antioxidant enzymes in liver tissue. Our results therefore suggest that hypoxia acclimation may alter mitochondrial physiology to help reduce oxidative stress during hypoxia and/or subsequent reoxygenation.
Hypoxia had no effects on respiratory capacities or O2 kinetics
Respiratory capacities for oxidative phosphorylation and for electron transport, as well as leak respiration, were unaltered by hypoxia acclimation in killifish mitochondria (Fig. 2) . We previously observed that acclimation to intermittent hypoxia increases the activities of citrate synthase or cytochrome c oxidase in the liver, a response that does not occur by a significant magnitude in constant hypoxia (Borowiec et al., 2015) . Combined with this previous result, our findings here (Fig. 2) suggest that acclimation to intermittent hypoxia may increase mitochondrial abundance in the liver. By contrast, acclimation to high-altitude hypoxia often reduces mitochondrial abundance and the mitochondrial capacity for oxidative phosphorylation in skeletal muscle of humans (Horscroft and Murray, 2014) . This reduction has been suggested to be either an adaptive trait that helps balance O2 supply and demand, or a maladaptive loss of normal function that could result from increases in ROS production and oxidative stress (Horscroft and Murray, 2014) . Prolonged (2 weeks) exposure of common frog (Rana temporaria) or pond slider turtle (Trachemys scripta) to anoxia (i.e., complete absence of O2) also decreases oxphos respiration in cardiac fibres and/or isolated mitochondria (St-Pierre et al., 2000a; St-Pierre et al., 2000b; Galli et al., 2013) . However, in these species, the decreases are largely mediated by adaptive reductions in complex V activity to help prevent complex V from operating in reverse, which occurs in humans and other anoxia-intolerant animals in anoxia (but not hypoxia) to maintain mitochondrial membrane potential and can lead to a catastrophic Journal of Experimental Biology • Advance article consumption of ATP by the mitochondria (Galli and Richards, 2014) . Therefore, it is likely that reductions in mitochondrial respiratory capacity are an adaptive response to oxygen limitation in at least some circumstances. Although killifish may be somewhat resistant to a loss of oxidative capacity during hypoxia acclimation, it is possible that they would depress mitochondrial respiratory capacity if the level of hypoxia were more severe. Killifish can tolerate and continue feeding in deeper levels (2 kPa) of constant or intermittent hypoxia for at least 7 days (Borowiec et al., 2015) .
The O2 dependence of isolated mitochondria was unaltered by hypoxia acclimation in killifish (Fig. 3) . Mitochondria can routinely become oxygen limited, even in normoxia, so the O2 kinetics of mitochondrial respiration has an important bearing on mitochondrial function (Gnaiger et al., 1998; Gnaiger, 2001; Cano et al., 2013) . Correspondingly, mitochondrial O2-affinity has been shown to vary between individuals in association with metabolic rate (Larsen et al., 2011) . However, our work in killifish and that of others in rats (Costa et al., 1997) suggest that hypoxia acclimation may not generally alter mitochondrial P50 to help minimize cellular O2
limitation. Mitochondrial O2-affinity has been shown to increase in response to hypoxic hypometabolism in overwintering frogs, but the reduction in P50 was in proportion to a reduction in oxphos and leak respiration (St-Pierre et al., 2000c) , suggesting that catalytic efficiency for O2 was unaltered. P50 often varies with respiration rate, as we observed between leak and oxphos respiration states (Fig. 3A) , at least in part because the catalytic turnover rate of cytochrome c oxidase is greater at higher respiration rates (Gnaiger et al., 1998) . There is also evidence in birds that variation in hypoxia tolerance between species is not coupled with variation in mitochondrial O2 kinetics: mitochondrial P50 in the bar-headed goose -a species that must sustain the high O2 demands of flight during hypoxia during migration across the Himalayas -is similar to that in low-altitude birds (Scott et al., 2009) . As mitochondrial P50 is quite low across taxa in general, likely to minimize potential O2 limitation and impairment of mitochondrial ATP synthesis (Cano et al., 2013) , there may be constraints on the scope for reducing P50 to help cope with environmental hypoxia.
Exposing killifish mitochondria to 10 minutes of anoxia in vitro led to ATP consumption by complex V during anoxia (Fig. 3C ), but it had no effect on steady-state mitochondrial respiration (Fig. 3D ). The latter contrasts many studies of mammalian mitochondria from various tissues, in which mitochondrial dysfunction (as reflected by increases in leak respiration and/or Journal of Experimental Biology • Advance article reductions in oxphos respiration and P/O ratio) has been often observed after exposure to 1-20 minutes or more of anoxia followed by reoxygenation (Du et al., 1998; Ascensão et al., 2006; Galli and Richards, 2014) . In this respect, killifish mitochondria are more similar to those from the heart of pond turtles, which can endure 20 min of anoxia-reoxygenation without any impact on respiration or P/O ratio (Galli et al., 2013) . Hypoxia acclimation in killifish had no effect on mitochondrial anoxia sensitivity, and it did not alter the magnitude of ATP consumption by complex V during anoxia.
Hypoxia acclimation reduced mitochondrial ROS emission
Hypoxia acclimation of killifish reduced the rate of ROS release from liver mitochondria, akin to the effects of estivation on skeletal muscle mitochondria in burrowing frogs (Reilly et al.,
2014), and we observed qualitatively similar effects of acclimation to constant hypoxia and intermittent hypoxia (Fig. 4) . It is possible that acclimation treatments could have differed if fish had been exposed to more severe levels of hypoxia, in which intermittent patterns of hypoxia might intensify oxidative stress during reoxygenation events. Furthermore, mitochondria from other tissues, such as the heart, could foreseeably respond to hypoxia differently than liver mitochondria. Hypoxia and/or reoxygenation likely pose a greater challenge to mitochondria in the heart, as the spongy myocardium receives its O2 supply from venous blood and may therefore experience greater O2 deprivation during hypoxic events (Steffensen and Farrell, 1998).
It is possible that the decrease in ROS emission resulted from a decrease in the amount of superoxide produced by mitochondria as a by-product of electron transport. Mitochondrial superoxide production is dictated by PO2, the abundance of enzymes and proteins containing electron carrying sites, the proportion of these sites that are in a redox form that can react with O2, and the rate constant for the reaction of the electron carriers with O2 to form superoxide (Murphy, 2009 ). The decrease we observed was not caused by biased differences in PO2 in the respirometer, because the measurements of ROS emission we report here were made at a physiologically realistic PO2 (~2.5 kPa) that was constant across groups. The sites of that we did not observe after hypoxia acclimation in killifish mitochondria (Fig. 2) .
It is also possible that the decrease in mitochondrial ROS emission with hypoxia acclimation was caused by changes in ROS elimination within the mitochondria. We measured mitochondrial ROS emission in the presence of exogenous SOD, such that mitochondrial superoxide is converted to H2O2 and can thus be detected. Not all of the ROS produced by mitochondria will survive to leave the mitochondria (and then be measured as H2O2) because some is detoxified to water in the matrix (Murphy, 2009; Treberg et al., 2010) . If hypoxia acclimation did indeed reduce mitochondrial ROS emission by enhancing ROS degradation, it was not associated with any change in the maximal activities of superoxide dismutase and catalase in isolated mitochondria (Fig. 5) . Hypoxia acclimation could have instead increased the effectiveness of H2O2-degradation systems that were not measured here, such as those involving glutathione peroxidase or peroxiredoxin.
The signaling mechanisms that lead to the change in ROS emission with hypoxia acclimation are not known, but could involve hypoxia-inducible factor (HIF) signaling pathways.
HIF-α proteins can be stabilized in response to both cellular hypoxia and ROS, and can ultimately lead to a variety of adaptive and maladaptive cellular responses to O2 limitation 
Hypoxia acclimation increased oxidative stress and antioxidant capacity
Hypoxia acclimation was associated with oxidative stress in the liver in killifish, as reflected by an increase in the abundance of protein carbonyls (Fig. 5A) , consistent with previous observations in other fish species (Lushchak and Bagnyukova, 2007) . This suggests that the rate of ROS production exceeded the capacity for ROS detoxification, at least transiently, during exposure to either constant hypoxia or intermittent hypoxia. It is unclear if mitochondria were the sole source of this ROS, but the acclimation-induced decline in mitochondrial ROS emission likely helped curtail the magnitude of oxidative stress. The increased non-mitochondrial activity of superoxide dismutase and catalase in liver tissue (Fig. 5B ) may have also helped minimize the incidence of oxidative stress with prolonged hypoxia exposure. However, only SOD activity increased in both constant hypoxia and intermittent hypoxia, and the activity of this enzyme often increases in response to hypoxia exposure in fish (Lushchak et al., 2005; Lushchak and Bagnyukova, 2007) , suggesting that SOD may be an important general defense against superoxide during all patterns of hypoxia exposure. However, unless the H2O2 produced by SOD is decomposed, H2O2 can still enter the Fenton reaction, produce hydroxyl radicals, and lead to oxidative damage. This could be accomplished by catalase, but it has been shown that catalase may play only a minor role in antioxidant defense during hypoxia-reoxygenation in some fish species, as pharmacological inhibition of catalase did not alter the occurrence of oxidative stress in the liver of nile tilapia exposed to a cycle of severe hypoxia and reoxygenation (Welker et al., 2012) .
The lack of variation in SOD and catalase activities in mitochondria with hypoxia acclimation (Fig. 5B) suggests that the abundance of these enzymes is only changing in other sites in the cell. For superoxide dismutase, this could be explained by differences in how hypoxia Journal of Experimental Biology • Advance article regulates the cytosolic (Cu/Zn-SOD, encoded by the SOD1 gene) and mitochondrial (Mn-SOD, encoded by the SOD2 gene) forms of the enzyme (Yu, 1994) . There is a hypoxia response element (HRE) in the promoter of SOD1 that activates SOD1 expression when HIF is bound (Tuller et al., 2009) . There is also a HRE in the promoter of SOD2, but for this gene HIF acts as a transcriptional repressor (Gao et al., 2013 ). An increase in HIF signaling could have therefore increased the expression and activity of cytosolic but not mitochondrial SOD in killifish with hypoxia acclimation. Catalase is predominantly a peroxisomal enzyme (Yu, 1994) , so although it may be found in mitochondria (Salvi et al., 2007) its activity there does not appear to be regulated by hypoxia.
Hypoxia tolerance and mitochondria
The decrease in ROS emission from mitochondria may be part of the general suite of plastic adjustments that help fish cope with hypoxia. We have previously shown using an equivalent pattern of exposure that hypoxia acclimation improves hypoxia tolerance, as reflected by a reduction in the O2 tension at which killifish lose equilibrium (Borowiec et al., 2015) . It is not yet clear if these observations are related mechanistically, but a low rate of mitochondrial ROS emission has previously been shown to distinguish hypoxia-tolerant from hypoxiaintolerant species of elasmobranch fish (Hickey et al., 2012) . It is possible that mechanisms to help avoid oxidative stress are an important feature of hypoxia tolerance, as supported by the high antioxidant capacity of some hypoxia-tolerant fish species (Hermes-Lima and ZentenoSavin, 2002) . It is also possible that variation in mitochondrial ROS production has an important role in hypoxia signalling, as ROS is known to be involved in HIF signalling and in many other signalling pathways (Prabhakar and Semenza, 2012; Holmström and Finkel, 2014) . Tolerance of prolonged hypoxia is well known to require that animals continue matching O2 supply and demand during O2 deprivation (Boutilier, 2001; Bickler and Buck, 2007; Richards, 2009 ), but our results suggest that hypoxia tolerance may also be associated changes in mitochondrial physiology that regulate ROS and oxidative stress.
Journal of Experimental Biology • Advance article Journal of Experimental Biology • Advance article Fig. 4 . Reactive oxygen species (ROS) emission from liver mitochondria was reduced by hypoxia acclimation. ROS emission rates were measured during oxphos state respiration using substrates of complex I and II (CI+II) (pyruvate, malate, glutamate, and succinate) (PPMGS), both before and after a 10 min period of anoxia, and during leak state respiration (LT) with the same substrates in the presence of ATP. ROS emission from mitochondria was coupled to H2O2 production using exogenous superoxide dismutase and was measured fluorometrically using Ampliflu Red. ROS emission rates are strongly dependent on O2 tension (PO2), so the ROS emission rates shown were all measured at PO2 ~2.5 kPa. ROS emission rates were significantly However, there was a significant interaction between these main effects (F[2,45]=5.10, p=0.010), and there were significant pairwise differences between hypoxia treatment groups and normoxia controls in the whole-liver tissue only (*, p<0.05). There were also significant effects of hypoxia 
